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ABSTRACT

Metformin is a widely used oral antihyperglycemic drug for the treatment of type Il
diabetes mellitus. The intestinal absorption of metformin is dose-dependent and involves
an active, saturable uptake process. Metformin has been shown to be transported by the
human organic cation transporters 1 and 2 (hOCT1-2). We recently cloned and
characterized a novel proton-activated organic cation transporter, plasma membrane
monoamine transporter (PMAT). We previously showed that PMAT transports many
classic organic cations (e.g. monoamine neurotransmitters, MPP+) in a pH-dependent
manner and its MRNA is expressed in multiple human tissues. The goal of this study is
to investigate whether metformin is a substrate of PMAT and whether PMAT plays arole
in the intestinal uptake of metformin. Using MDCK cedlls stably expressing human
PMAT, we showed that metformin is avidly transported by PMAT, with an apparent
affinity (Km = 1.32 mM) comparable to those reported for hOCT1-2. Interestingly, the
concentration-velocity profile of PMAT-mediated metformin uptake is sigmoidal with a
Hill coefficient of 2.64. PMAT-mediated metformin transport is greatly stimulated by
acidic pH, with the uptake rate being ~ 4-fold higher at pH 6.6 than a pH 7.4. Using a
polyclonal antibody against PMAT, we showed that the PMAT protein (58 kDa) was
expressed in human small intestine and concentrated on the tips of the mucosal epithelial
layer. Taken together, our results suggest that PMAT transports metformin, is expressed
in human intestine, and may play a role in the intestinal absorption of metformin and

possibly other cationic drugs.
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INTRODUCTION

The biguanide drug, metformin (Glucophage), is widely used for the treatment of
hyperglycemia in patients with type Il diabetes mdlitus. It lowers blood glucose
concentration without causing hypoglycemia (Caspary and Creutzfeldt, 1971; Hundal et
al., 2000; Borst and Snellen, 2001). Although the exact mechanism leading to its blood-
glucose lowering effect has not been fully understood, metformin seems to ameliorate
hyperglycemia by improving peripheral sensitivity to insulin, reducing gastrointestinal
glucose absorption, and decreasing hepatic glucose production (Caspary and Creutzfeldt,
1971; Hundal et al., 2000; Borst and Snellen, 2001). After oral administration,
metformin is slowly absorbed from the proximal small intestine (e.g. duodenum) and
mainly excreted from urine (>90%) without undergoing significant biotransformation
(Scheen, 1996; Bell and Hadden, 1997). As the rate of metformin absorption is slower
than its rate of plasma elimination, intestinal absorption is the rate limiting step of
metformin disposition (Scheen, 1996; Bell and Hadden, 1997). The absorption of
metformin is incomplete and dose-dependent (Scheen, 1996; Bell and Hadden, 1997).
More metformin was absorbed after a lower dose than after a higher dose (Tucker et al.,
1981), and an inverse relationship was observed between the amount of metformin
ingested (from 0.25 to 2.0 g) and its bioavailability (from 86 to 42%) (Scheen, 1996; Bell
and Hadden, 1997). Based on the observation of dose-dependent absorption kinetics, it
was suggested that metformin absorption is mediated by an active, saturable absorption
process (Scheen, 1996; Bell and Hadden, 1997; Klepser and Kelly, 1997). However, the
transporters underlying the active uptake process of metformin in the intestine have not

been clearly defined.
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Organic cation transporters (OCTYs) in the solute carrier 22 (SLC22) family have
been implicated in the disposition of metformin. The OCTs are polyspecific transporters
most prominently expressed in the liver and kidney, where they play a key role in the
elimination of organic cations from systemic circulation (Koepsell, 1998; Dresser et al.,
2001; Wright, 2005). Metformin has been shown to be transported by both OCT1 and
OCT2 (Dresser et al., 2002; Wang et al., 2002; Kimura et al., 2005a; Kimura et al.,
2005b). Using gene-knockout mice, Octl was demonstrated to play an important role in
hepatic metformin uptake, which is an important site for its therapeutic effect as well as
some side effects (e.g. lactic acidosis) (Wang et al., 2002). On the other hand, hOCT2,
which is expressed on the basolateral membrane of kidney tubular cells, was implicated
in the renal excretion of metformin (Kimura et al., 2005b; Masuda et a., 2006).
However, compared with the liver and kidney, little is know about the transporter(s)
involved in the intestinal absorption of metformin. Because of their basolateral locations
and low expression levels in the human enterocytes (Koepsell, 1998; Muller et al., 2005;
Wright, 2005), OCT1 and OCT2 may play a limited role in intestinal absorption of
metformin. OCT3, the third member of the OCT family, was reported to have a
relatively higher expression level in the intestine and appeared to be localized on the
apical membrane of human enterocytes (Wu et al., 1998; Muller et al., 2005). However,
OCT3 tends to exhibit relatively narrower substrate specificity towards xenobiotics
(Wright, 2005) and the contribution of OCT3 to metformin absorption is still unknown as
metformin has not been shown to be transported by OCT3. Additionally, the transport
activity of the OCTs, including OCT3, is generally significantly decreased at lower pH

(Urakami et al., 1998; Wu et al., 1998; Sweet and Pritchard, 1999), the acidic
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environment in the gut lumen (pH 4.0-7.0) may limit the ability of OCT3 in drug

absorption.

We recently reported the cloning and characterization of a novel organic cation
transporter, plasma membrane monoamine transporter (PMAT), which shows low
sequence homology to equilibrative nucleoside transporters (ENTs, SLC29). Unlike the
ENTs, PMAT mainly accepts organic cations as substrates, such as 1-methyl-4-
phenylpyridinium  (MPP"), tetragthylammonium  (TEA) and  monoamine
neurotransmitters (Engel et al., 2004; Engel and Wang, 2005). The substrate and
inhibitor specificity of PMAT largely overlaps with that of the OCTs (Engdl and Wang,
2005). However, unlike the OCTs, the activity of PMAT is greatly stimulated by acidic
pH, presumably due to transport-coupling with an inwardly directed proton gradient (Xia
et al., 2006). Our previous Northern analysis showed that PMAT mRNA is widdy
expressed in a number of human tissues, including brain, skeletal muscle, kidney, liver,
and heart (Engel et al., 2004). Recent probing of a multi-tissue RNA array by Barnes et
al. revealed a high level of PMAT mRNA expression in various segments of the human
intestine track (Barnes et a., 2006). More recently, our immunofluorescence studies
showed that the PMAT protein is primarily targeted to the apical membrane of polarized
epithelial cells (Xia et al., 2006). Based on these observations, we hypothesized that
PMAT protein is expressed in the apical membrane of the enterocytes and may use
luminal proton to drive the absorption of certain organic cation drugs. The goal of this
study is to investigate whether metformin is a substrate of PMAT and whether PMAT is

likely to play arolein the intestinal absorption of metformin.
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MATERIALSAND METHODS

Chemicals

[14C]Metformin (26 mCi/mmol) was obtained from Moravek Biochemicals, Inc. (Brea,
CA). [*H]MPP" (39.3 Ci/mmol) was purchased from American Radiolabeled Chemicals,
Inc. (St. Louis, MO). MPP+, metformin, and phenformin were purchased from Sigma

(St. Louis, MO). Buformin was obtained from Wako Pure Chemicals (Osaka, Japan).

Transport Assay in MDCK Caélls

Madin-Darby canine kidney (MDCK) cell lines stably transfected with PMAT cDNA or
the pcDNA3 vector were used in these studies (Engd et a., 2004). Cedls were
maintained in Minimum Essential Medium (Gibco BRL., Grand Island, NY) containing
10% fetal bovine serum (Gibco BRL, Grand Island, NY) and G418 (500 pg/ml). For
uptake studies, cells were plated (10° cells/well) in 24-well plates and allowed to grow at
37°C for 2-3 days until confluent. Growth medium was aspirated and each well was
rinsed with Krebs-Ringer-Henseleit (KRH) buffer (5.6 mM glucose, 125 mM NaCl, 4.8
mM KCl, 1.2 mM KH2PO,, 1.2 mM CaCl,, 1.2 mM MgSQO,, 25 mM HEPES, pH 7.4 or
6.6). Cells were then incubated in KRH buffer for 15 min at 37°C. Transport assays
were performed at 37°C by incubating cells in KRH buffer containing a radiolabeled
substrate. For inhibition studies, cells were incubated with a radiolabeled substrate in the
absence (control) or presence of an inhibitor at desired concentrations. Uptake was
terminated by aspirating the reaction mixture and washing the cells three times with ice-

cold KRH buffer. Cells were then solubilized and the radioactivity was quantified by
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liquid scintillation counting. Protein content in each well was measured using a BCA
protein assay kit (Pierce, Rockford, IL) and the uptake in each well was normalized to the

corresponding protein content.

Rever se transcription-polymer ase chain reaction (RT-PCR)

Human small intestine cDNA (a kind gift from Dr. Kenneth Thummel, University of
Washington) was synthesized as described before (Xu et al., 2006a; Xu et al., 2006b).
Fifty nanogram of cDNA was used as the template to amplify PMAT and GAPDH genes.
PCR amplification for PMAT was performed using the following pair of primers. 5'-
CGGGCGTGATGATCTCTCTGAGCCGCATC-3 and 5-
GGTTGAACACAGCCATGATGAGGATGGGCA-3 (564 bp amplicon). PCR
amplification for GAPDH was performed using primers
5 CGTATTGGGCGCCTGGTCACCAGGGCTGCT-3 and 5-TTGAGGGCAATGC
CAGCCCCAGCGTCGAAG-3' (875 bp amplicon). Amplification conditions were: 94°'C

for 1 min, 61°C for 1 min, 72°C for 1 min for 35 cycles and lastly 72°C for 10 min.

Production and purification of PMAT peptide antibody
A polyclonal peptide antibody (P469) was generated towards amino acid residues 469-
482 (ILAAGKVSPKQREL) in human PMAT. The generation and validation of this

anti-PMAT peptide antibody was described previously (Dahlin et al., 2007). Briefly, the

peptide was chemically synthesized and conjugated to keyhole limpet hemocyanin (KLH).

The synthetic peptide-KLH conjugates were purified to >95% homogeneity and

immunized into rabbits. The polyclonal antisera were commercially prepared using
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standard protocols by Sigma Genosys (Woodlands, TX). The antibody was further
affinity purified by chromatography on a column prepared by crosslinking of peptide to

CNBr activated Sepharose 4B (ProSci Incorporated, Poway, CA).

Western blotting

To detect PMAT expression in human small intestine, commercial blots containing
human small intestine whole lysates (20 pg/lane) were purchased from Imgenex (San
Diego, CA). Immunodetection was performed with the PMAT antibody (1:500) as
described above. Control blots included detection with pre-bleed rabbit serum or
antibody pre-absorbed with the purified peptide antigen. To detect GAPDH, an internal
control, the same blot used for PMAT detection was striped using restore’™ Western Blot
stripping buffer from Pierce (Rockford, IL) and incubated with mouse monoclonal anti-
GAPDH antibody (1:1000) (Imgenex), followed by horseradish peroxidase conjugated

goat anti-mouse IgG (1:20,000 dilution).

I mmunohistochemistry and confocal microscopy

To detect cdlular localization of PMAT in human small intestine, commercial slides
containing human small intestine tissue were purchased from Biochain Institute Inc.
(Hayward, CA). Slides were rinsed twice with PBS and fixed for 30 min at room
temperature with 4% (v/v) paraformaldehyde. Slides were then rinsed three times with
PBS, incubated in 50 mM NH,4CI in PBS for 15 min to quench the fixative. Slides were
then permeabilized with 0.2% Triton X-100 in PBS for 10 min. Potential sites for

nonspecific antibody binding were blocked by a 90 min incubation with a blocking buffer
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(10% FBS, 0.1% triton X-100 in PBS). The slides were incubated with the primary
rabbit anti-PMAT antibody (1:200 dilution in blocking buffer) for 1 hr, washed three
times with PBS containing 0.05% Tween 20, and incubated 30 min with a secondary
Alexa Fuor 488 conjugated goat anti-rabbit IgG (1:1000 in blocking buffer) (Molecular
Probes, Eugene, OR) in the dark. The dlides were then washed three times with PBS
containing 0.05% Tween 20. The slides were observed and photographed by a Leica SP

confocal microscope with inverted lenses.

Data analysis

All experiments were performed in triplicate and repeated three times. Data were
expressed asmean + S.D. Statistical significance was determined by Student'sttest. 1Cs
or Ki were determined by nonlinear least-squares regression fitting as described
previously (Engel and Wang, 2005; Zhou et al., 2006a; Zhou et al., 2006b). The V.« and
Km were determined by nonlinear least-squaresregression fitting data into the following

sigmoidal equation: V=( Vmax*S")/( S+ K" ) using WinNonlin 5.0 software.

RESULTS

Inhibition of PMAT-mediated organic cation uptake by biguanides

As the first step towards characterizing the interaction of metformin with PMAT, we
examined the inhibitory effects of metformin on the uptake of a prototype PMAT
substrate, MPP+ in MDCK cells stably expressing PMAT protein. MPP+ was chosen as

the probe substrate because it is not metabolized in cells, has a low background uptake,

10
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and is the best substrate identified for PMAT to date. One min uptake of [°H]-MPP+ (1
UM) was measured in the presence of metformin at various concentrations. As shown in
Fig. 1b, metformin exhibited dose-dependent inhibition on PMAT-mediated MPP+
uptake. The apparent inhibition potency of metformin towards PMAT (Ki) was
determined as 2.27 mM. Two structurally related biguanides, buformin and phenformin,
were also examined (see structuresin Fig. 1a). Buformin and phenformin both inhibited
PMAT-mediated MPP+ uptake in a dose-dependent manner (Fig. 1b). The calculated K;
values are 1.51 mM for buformin and 0.25 mM for phenformin. These data demonstrated
that biguanides inhibit PMAT. The order of inhibition potency is phenformin > buformin

> metformin.

pH-dependent metformin transport by PMAT

To determine whether PMAT accepts metformin as a substrate, direct uptake of
[“*C]metformin was performed using radiotracer flux studies in MDCK cells stably
expressing human PMAT. Fig. 2 shows 1 min uptake of [**C]metformin (1 pM) in
vector- and PMAT-transfected MDCK cells at two different pH conditions. At pH 7.4,
metformin uptake was about 20 to 30-fold higher in PMAT-transfected cells than in
vector-transfected cells. At pH 6.6, uptake of [*C]metformin (1 pM) in PMAT-
transfected cells was 80-fold higher in vector-transfected cells (Fig. 2). PMAT-mediated
metformin uptake at pH 6.6 was ~ 4-fold higher than that at pH 7.4. Together, our data
unequivocally demonstrated that metfomin is transported by PMAT, and PMAT-

mediated metformin uptake is stimulated by lower extracellular pH.

11
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Effect of membrane potential

We previously showed that PMAT-mediated transport of MPP+ uptake is sensitive to
changes in membrane potential (Engel et al., 2004). To examine whether PMAT-
mediated metformin transport is also dependent on membrane potential, uptake was
measured under various depolarization conditions at pH 7.4. Depolarization of cells with
increased extracellular K™ strongly reduced PMAT-mediated metformin uptake (Fig. 3).
Barium (Ba®"), an effective potassum channel blocker, also substantially reduced
PMAT-mediated metformin uptake in normal physiological buffer. These data suggest
that PMAT-mediated metformin transport is electrogenic and facilitated by the

physiologic insde-negative membrane potential in mammalian cells.

Kinetics of PMAT-mediated metformin transport

To define the initial rate phase of PMAT-mediated metformin transport, time-dependent
uptake of [**C]metformin was examined at a low (1 pM) and a high (4 mM) substrate
concentration using radiotracer flux studies. As shown in Fig. 4, accumulation of
metformin in PMAT-expressing cells increased with time. At both substrate
concentrations, PMAT-specific uptake was linear up to 1-5 min. Based on these data,
kinetic studies werefirst carried out using 1 min as the incubation time. Asshown in Fig.
5a, PMAT-mediated metformin uptake was saturable. Interestingly, the concentration-
velocity profile was sigmoidal, which is in contrast to the typical hyperbolic curves
observed for other PMAT substrates such as MPP+ and serotonin (Engel et al., 2004).
This non-typical kinetic behavior is particularly evident after Eadie-Hofstee

transformation, which revealed a homotropic but not a linear fitting (Fig. 5a, inset).

12
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Because of the non-classic kinetics, the data were fitted to the sigmoidal kinetics equation
shown in Methods by nonlinear |east-square regression to obtain the kinetic parameters.
The calculated apparent affinity (Ky) is 1.32 = 0.11 mM and maximal velocity (Vmax) iS
16.86 £ 0.94 nmol/min/mg protein. The Viyu/Kn ratio is 12.77 ml/min/mg protein and the
fitted Hill coefficient (y) is 2.64. To ensure that the sgmoidal kinetics of metformin
uptake are not caused by pre-steady state kinetics, especially at low substrate
concentrations, the transport kinetics were further examined with a longer incubation
time (3 min) (Fig. 5b). Similar to the 1-min uptake, PMAT-mediated metformin uptake
at 3 min was sigmoidal with K, of 1.68 £ 0.28 mM, Vg Of 15.28 = 1.88 nmol/min/mg
protein and y of 2.21. None of those parameters obtained from 3-min incubation is
significantly different form those determined at 1-min incubation. In addition, it is also
unlikely that the atypical kinetics were due to substrate depletion or limitation of
detection at low substrate concentrations, as the consumption of extracellular metformin
at the lowest substrate concentration is less than 1% of total metformin in the incubation
buffer and the absolute metformin uptake radioactivity is well above the measurement

limit of liquid scintillation counting.

Expression of PMAT mRNA and Protein in the human intestine

To determine whether PMAT transcripts and protein are present in human small intestine,
semi-quantitative RT-PCR and immunablotting were employed using cDNA and tissue
lysates prepared from human small intestine. The primers used in RT-PCR were
validated in a previous study (Engel et al., 2004). Fig. 6a showed that PMAT transcripts

can be specifically amplified from human small intestine cDNA. To determine PMAT

13
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protein expression in human small intestine, western blot was carried out with a
polyclonal affinity-purified peptide antibody against PMAT recently developed in this
laboratory (Dahlin et al., 2007). A single, strong band consistent with the expected
molecular mass of PMAT (58 kDa) was observed (Fig. 6b). This band disappeared when
immunoblotting was carried out with pre-bleed antiserum (data not shown) or with the
anti-PMAT antibody pre-absorbed with the synthetic peptide antigen (Fig. 6b). These
data clearly demonstrated that the PMAT protein is expressed in human small intestine.
To further determine the intestinal expression of PMAT protein at the celular level,
immunofluorescence staining was performed using cryosections of normal human small
intestine tissue. Strong PMAT-specific immunolabeling was observed in the mucosal
layer (Fig. 6¢). Very weak or no staining was seen in submucosal and muscularis externa
layers. Within the mucosa, the highest immunofluorescence signal was found at the tips
of villi and was primarily concentrated in the thin layer of absorptive cells (enterocytes)
(Fig. 6¢). While punctuated staining was observed throughout these cells, it appeared to
be most concentrated on the apical surface of the enterocytes. The specificity of staining
for PMAT was confirmed by the lack of discernible fluorescence when pre-bleed antisera
were used. Together, our data showed that PMAT mRNA and protein is expressed in

human small intestine, and is present on the apical surface of the enterocytes.

DISCUSSION

In this study, we characterized metformin transport by a novel organic cation
transporter, PMAT, and investigated the expression and cdllular localization of PMAT in

human small intestine. We first showed that metfomin is avidly transported by PMAT.

14
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We then demonstrated that PMAT-mediated metformin transport is greatly stimulated by
acidic pH and exhibits sigmoidal kinetics. Lastly, we showed that PMAT protein is
expressed in human small intestine and concentrates on the tips of the mucosal epithelial
cells. These findings suggest that PMAT may represent an important organic cation
transporter in the human intestine and may serve as an absorptive route for metformin

and other orally administered organic cation drugs.

Metformin is widely used for the treatment of type Il diabetes mdlitus. With a
pKa value of 12.4, the biguanide drug primarily exists in the protonated cation form at
physiological pH. A number of studies have suggested that organic cation transporters
play important roles in the disposition and pharmacological action of metformin (Dresser
et al., 2002; Wang et al., 2002; Kimura et al., 2005a; Kimura et al., 2005b). In particular,
metformin was shown to be a substrate of human OCT1 and OCT2, which have been
respectively implicated in the hepatic uptake and renal excretion of this drug (Wang et al.,
2002; Kimura et al., 2005b). In this study, we demonstrated that metformin is an
excellent substrate for PMAT, a novel organic cation transporter that transports many
structurally diverse type | cations and shares a large substrate overlap with the OCTs
(Engd et al., 2004; Engel and Wang, 2005). In Table 1, we compiled literature data of
the apparent affinities of OCTs towards biguanides and compared with that of PMAT
determined in this study. The apparent affinity (Km or 1Csp) of PMAT towards metformin
is comparable to that of OCT1 and OCTZ2, which are al in the low millimolar range.
PMAT also interacted with buformin and phenformin, which share the biguanide moiety
but are more hydrophobic than metformin (Fig. 1a and Table 1). With increasing

hydrophobicity, the apparent affinity of PMAT towards the biguanides increases. A

15
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similar trend was aso observed for OCT2 (Table 1). However, while the addition of
aliphatic hydrophobicity in buformin greatly increased its affinity towards OCT2, its
effect on PMAT is rather minor. In contrast, the addition of aromatic hydrophobicity in
phenformin significantly increased the affinity towards PMAT. These results are in
concert with our previous observation that PMAT favors aromatic over the aliphatic

hydrophobicity for high affinity substrate/inhibitor-interaction (Engel and Wang, 2005).

Interestingly, kinetic analysis revealed that PMAT-mediated metformin uptake
exhibits sigmoidal kinetics (Fig. 5), which were in contrast to the typical hyperbolic
curves observed for other PMAT substrates such as MPP+ and serotonin (Engel et al.,
2004). Eadie-Hofstee transformation revealed a “hook”-shaped V/S-V profile, which
simulates the homotropic allosteric effect observed in several cytochrome P450 drug
metabolizing enzymes (Shou et al., 1994; Kenworthy et al., 2001; Galetin et al., 2003;
Atkins, 2005) and drug efflux transporters (Shapiro and Ling, 1997; Shapiro et al., 1999).
For example, such positive cooperativity has been reported for the multidrug resistance
protein MDRL in its interaction with rhodamine 123 and Hoechst 33342 (Shapiro and
Ling, 1997; Shapiro et al., 1999). It was proposed, based on kinetic observations, that
many of the atypical kinetic profiles might be resulted from multiple substrate bindings
within the active site, and sigmoidal kinetics often indicate a positive cooperativity
among these sites (Shapiro and Ling, 1997; Shapiro et al., 1999). Thus, it is likely that
the sigmoidal kinetics observed in our study may indicate multiple allosteric metformin
binding sites with positive cooperativity in PMAT. Multiple allosteric substrate binding
sites have been observed in a number of drug metabolizing enzymes (e.g. CYP3A) and

transporters (e.g. MDR1) that exhibit diverse substrate specificity. Positive cooperativity
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will occur when substrate (or effector) binding to the allosteric site enhances the binding
affinity of the substrate to the primary active site (Ueng et al., 1997). Similar to MDR1
or CYP3A, the substrate specificity of PMAT is broad and includes a variety of
compounds with diverse structures, such as monoamine neurotransmitters, various
aliphatic and aromatic organic cations, and certain nucleosides. Thus, it is likely that
PMAT protein may contain a large substrate binding pocket which allows different
substrates to interact at different sites or more than one molecule of the same substrate to
be recognized simultaneously. Interaction between these sites may lead to non-
hyperbolic kinetic behaviors for some substrates. However, we have no direct evidence
of multiple metformin binding sites, and further experiments are needed to e ucidate the

mechanisms underlining the atypical kinetic behavior of PMAT.

We previoudy reported that PMAT-mediated transport of the prototype organic
cation MPP+ is Na'-independent and sensitive to changes in membrane potential and
extracellular pH (Engd et al., 2004; Xia et al., 2006). Consistent with these results, we
observed that PMAT-mediated metformin uptake was significantly decreased under
depolarization condition (Fig. 3), indicating that metformin transport is an electrogenic
process and it is the protonated form (i.e. cation) that is being transported into the cells.
On the other hand, lowering extracellular pH greatly enhanced the initial rates of PMAT-
mediated metformin uptake (Fig. 2). These observations are in contrast to the OCTs,
whose activities are generally compromised under acidic pH (Urakami et al., 1998; Wu et
al., 1998; Sweet and Pritchard, 1999; Fujitaet al., 2006). With a pKa of 12.4, metformin
isalmost completely charged at pH 6.6 and 7.4. Thus, the stimulatory effect of acidic pH

on PMAT-mediated metformin uptake is unlikely to be caused by a pH effect on
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substrate fractional protonation. While our recent study indicates that the stimulatory
effect of proton may be due to transporter coupling with the inwardly-directed proton
gradient, the exact molecular mechanism underlying the observed pH effect on PMAT
activity awaits further investigation. Regardless, the observation that PMAT favors
acidic conditions suggests that the pH of the microenvironment in tissues expressing this
transporter may play an important role in regulating the transport activity of PMAT.

In the intestine, luminal pH could be as acidic aspH 6. If PMAT is expressed in
the apical membranes of the intestinal epithelia cells, the naturally acidic environments
in the lumens can serve as a driving force to promote PM AT-mediated metformin uptake.
Recently, Barnes et a. reported that PMAT mRNA is highly expressed in various
segments of the human intestine track (Barnes et al., 2006). Our RT-PCR results further
confirmed the presence of PMAT mRNA in the human small intestine (Fig. 6a). Using a
polyclonal anti-peptide antibody recently developed in our laboratory (Dahlin et al.,
2007), we further demonstrated that PMAT protein (calculated molecular weight of 58
kDa) was expressed in human small intestine (Fig. 6b). Immunofluorescence studies in
human intestinal tissue sections revealed strong labeling of the thin layer of mucosal
absorptive cells (enterocytes) (Fig. 6¢). The immunolabeling appeared to be most
concentrated on the apical surface of the enterocytes, but punctuate intracellular staining
was observed (Fig. 6c¢). In adifferent study, Barnes et al. also reported both intracellular
and cell surface staining in various human heart tissue sections using a different antibody
(Barnes et al., 2006). Thusit appears that some PMAT protein may be also expressed in
intracellular organelles. Nevertheless, the strong PMAT-immunoreactivity observed in

the tips of villous epithdium indicate that PMAT protein is expressed at the apical
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membrane of the enterocytes where it may play a role in the intestinal absorption of

metformin and possibly other cationic drugs.

In summary, our results suggest that PMAT transports metformin, is expressed in
human intestine and may play arole in oral absorption of metformin. As many drugs and
dietary substances are also organic cations, PMAT may aso play a role in intestina
absorption of these compounds if they are substrates of PMAT. However, it should be
pointed out that the in vitro data present in the current study is circumstantial. Further in
vivo/ex vivo studies that directly demonstrate PMAT-mediated metformin transport into
intestinal tissues are needed to define the in vivo role of PMAT in intestinal absorption of

organic cations.
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FIGURE LEGENDS

Fig. 1. Structures of biguanides (a) and inhibition of PM AT -specific M PP+ uptake
by biguanides (b). Transport was measured in PMAT-expressing cells and vector-
transfected cells (control) a 1 min with 1 pM [*H]MPP+. The PMAT-specific uptake
was calculated by subtracting the transport activity in control cells. Each value represents

mean + S.D. (n = 3).

Fig. 2. Influence of pH on PMAT-mediated [*C]metformin (1 pM). Vector-
transfected cells and PMAT-transfected cells were incubated for 1 min at 37° C. Each

value represents mean + S.D. (n=3).

Fig. 3. Influence of membrane potential on PMAT mediated [**C]metformin (1
UM). Vector-transfected cells and PMAT-transfected cells were incubated for 1 min at
37° C. B&® was added to block the potassium channels. To avoid the precipitation of
barium by sulfate and phosphate in the KRH buffer, a chloride salt-based buffer (5 mM
glucose, 145 mM NaCl, 3mM KCl, 1 mM CaCl,, 0.5 mM MgCl,, and 5 mM HEPES, pH
7.4) with different compositions of potassum and sodium was used. Each value

represents mean + S.D. (n=3).

Fig. 4. Time courses of [**C]metformin uptake at 1 pM (a) and 4 mM (b) mediated

by PMAT. Vector-transfected cells (open circles) and PMAT-transfected cells (solid

circles) were incubated at 37° C. Insert, a plot of initial phase with linear fitting of
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PMAT-specific metformin uptake calculated by subtracting the transport activity in the

control cells. Each value represents mean + S.D. (n=3).

Fig. 5. Concentration-dependent transport of [**C]metformin by PMAT at 1 min (a)
or 3 min (b) incubation. The PMAT-specific uptake was measured at 37° C a pH 7.4
and calculated by subtracting the transport activity in control cells. Insert, Eadie-Hofstee

plots. Each value represents mean £ S.D. (n=3).

Fig. 6. Determination of PMAT expression in human small intestine by RT-PCR
(a), Western blot (b), and immunohistochemistry (c). (a) Human small intestine was
analyzed for PMAT mRNA expression by semiquantitative RT-PCR. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) primers were used as an internal control. (b)
Immunoblotting was carried out with the anti-PMAT antibody at 1:1000 dilution. The
same blots were stripped and blotted with an antibody against an internal standard,
GAPDH. (c) Immunoblotting was carried out with the anti-PMAT antibody at 1:500
dilution. Slides containing human small intestine tissue were permeabilized and stained

with either anti-PMAT antibody or pre-bleed serum (control).
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Table 1. Apparent affinitiesof human PMAT and OCT towar ds Biguanides.

Kmor 1Cs (UM)
Transporter Metformin Buformin Phenformin
PMAT 1,320 1,500 245
hOCT1 1,4702 N.D.P 10¢
hOCT?2 1,380 © 203 ° 65 ¢

Values were taken from: 2 Kimura, et al., 2005a: ©. Kimura, et al., 2005b: 9. Dresser, et
al., 2002. Italic valuesindicate | Csg .
® N.D.: not determined.
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